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doi:10.1016/j.jmu.2012.02.001Capacitive micromachined ultrasonic tranducers (cMUTs) have recently emerged as an alterna-
tive to conventional piezoelectric transducers. They offer many advantages in terms of band-
width, fabrication of layer arrays, efficiency, and sensitivity. This research presents the
principles of operation, fabrication process steps, and application of the capacitive microma-
chined ultrasound transducer. The study also demonstrates in detail the collapse voltage
design parameter of a cMUT membrane. Several important applications are presented to show
the feasibility of using cMUTs which are demonstrated by imaging examples in immersion and
air due to the cMUT capability of producing large bandwidth (123% fractional bandwidth) and
lower impedance mismatch. Finally, the advantages of three-dimensional echographic images
based on moving ultrasound linear array its technique are discussed in detail and compared
with those of two-dimensional optical hand geometry.
ª 2012, Elsevier Taiwan LLC and the Chinese Taipei Society of Ultrasound in Medicine.
Open access under CC BY-NC-ND license.Introduction
Piezoelectric crystals, ceramics, polymers, and piezo-
composite materials have long dominated ultrasonic trans-
ducer technology, especially in medical ultrasound imaging.S. Salim, School of Mecha-
alaysia.
yahoo.com, muhdeli@yahoo.
C and the Chinese Taipei SocietyIn recent years, thanks to advances in microfabrication
techniques, the technology of capacitive micromachined
ultrasonic transducers (cMUTs) has emerged as a competi-
tive technology in the field of medical imaging.
The principle of operation is the well-known electro-
static transduction mechanism. The basic element of
a cMUT is a capacitor cell with one fixed electrode (back
plate) and a second one supported by a flexible membrane
that can vibrate. If an alternating voltage is superimposed
on the bias voltage, applied between the membrane andof Ultrasound in Medicine. Open access under CC BY-NC-ND license.
cMUTs: Technology and Application 9the back plate, the modulation of the electrostatic force
results in the vibration of the membrane with subsequent
generation of ultrasonography at the same frequency of the
modulation. Conversely, when the biased membrane is
subjected to an incident ultrasonic wave, a change of
capacitance, due to membrane vibration, can be detected.
The idea of generating acoustic waves utilizing the elec-
trostatic attraction force between the plates of a condenser
is as old as the early piezoelectric transducers [1]. However,
only in the early 1990s did the development of micro-
machining technology allow for the fabrication of electro-
static transducers consisting of a large number of
membranes with precisely controlled dimensions in the
order of tens of microns for operation in the megahertz
(mHz) range [2]. The electrode separation with this tech-
nology can be made very narrow, in the submicron range,
enabling high electric fields inside the gap that result in high
transduction efficiency and sensitivity.
cMUTs are fabricated onto silicon wafers by means of
silicon micromachining techniques, using standard inte-
grated circuits (IC) fabrication processes. This makes
possible the realization of large one- and two-dimensional
(2-D) transducer arrays by choosing the proper photolitho-
graphic masks. 2-D arrays with a large number of elements
are suitable for real-time three-dimensional (3-D) medical
imaging, which is an important topic of current research.
There are two main limitations in designing volumetric
imaging systems with conventional 2-D piezoelectric arrays:
(1) the low acoustic power output and the receiver sensi-
tivity because of the small size of the elements; and (2) the
difficulty in providing individual electrical connections to
each element [3]. cMUT technology has proved to be a good
candidate to overcome these challenges, and the first 2-D
cMUT arrays having 128  128 elements, electrically con-
nected by through-wafer interconnects, have been
successfully fabricated and characterized [4].
Other important advantages of cMUTs, compared with
current piezoelectric transducers, are the wider immersion
bandwidth that results in improved image resolution, low
noise, and the potentiality to be integrated with electronic
circuits on the same wafer. The broad bandwidth of
cMUTs also enables other imaging modalities, such as tissue
harmonic imaging, in which energy is transmitted at
a fundamental frequency, and an image is formed with the
energy at the second harmonic [5]. The cMUTs are also
promising for high-frequency applications, such as intra-
vascular ultrasound imaging (IVUS). Other potential appli-
cations include air-coupled non-destructive evaluation [6],
ultrasonic flow meters for narrow gas pipelines [7], micro-
phones with RF detection [8], Lamb wave devices [9], and
smart microfluidic channels [10].
This review is divided into three sections. The first
section focuses on the principles of operation and
modeling of electrostatic transducers. The second section
gives an overview of the fabrication processes developed
in the past decade to manufacture cMUTs, and addresses
process issues, such as choice of materials for process
compatibility and reliability. The third section winds up
with a description of the potential applications of cMUTs,
of which medical imaging has been successfully demon-
strated [11e70].Principles of operation
The electrostatic force generated on the plates of
a capacitor is proportional to the square of the applied
voltage, the area of the capacitor, and the permittivity of
the material between the plates, and inversely propor-
tional to the square of the separation between the plates:
FelecZ
εoSV2
2d2
ð1Þ
where S is the area of capacitor plates, V is the applied
bias voltage, εo is the permittivity of free space between
capacitor plates, and d is the distance between the
capacitor plates. Because the electrostatic force is
proportional to the square of the bias voltage, linear cMUT
operation requires direct current (DC) bias voltage together
with the alternating current (AC) voltage (V Z VDC þ VAC).
Then, the electrostatic force can be written as:
FelecZ
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
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The first term in parenthesis represents the static force,
the second term represents the excitation force propor-
tional to the applied AC voltage, and the last term repre-
sents the harmonic contribution of the AC voltage, which
also contributes to the static force. When the DC bias
voltage is much larger than the AC excitation, the harmonic
contribution can be ignored [69].
Collapse voltage calculation
An important design parameter of a cMUT membrane is the
collapse voltage; at this voltage, the attractive force can no
longer be balanced by the restoring force of the membrane,
and the membrane collapses onto the substrate. It is crucial
to calculate the collapse voltage accurately since it
determines the operating point of the device. Initially, the
collapse voltage was calculated by approximating the
displacement of the membrane by a piston transducer [11].
In this approach, the piston transducer is assumed to be
moving by the same amount of average membrane
displacement. The static displacement of the membrane is
greatest at the center and reduces close to its rim.
Therefore, the average displacement of the membrane is
smaller than the displacement at its center. Since the
equivalent piston transducer does not move as much as the
center of the membrane, the piston transducer approxi-
mation results in higher collapse voltage.
More accurate calculation of collapse voltage requires
the calculation of membrane displacement profile, which
can be achieved by dividing the gap into smaller capacitors.
Each capacitor applies an electrostatic force determined by
the deflection of the membrane segment where it is
attached. Fig. 1 shows a circular membrane and the gap.
The gap is composed of many small capacitors. Using the
configuration shown in Fig. 1, it is possible to calculate
the electrostatic force applied to each segment on the
membrane. Note that the segments are circular rings. The
electrostatic force on each segment is given by
FelecZ
εoV2DCSi
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Fig. 1 Membrane and the air gap. The air gap is composed of
many parallel capacitors [69].
Fig. 2 CMUT geometry. Thick solid lines show the electrodes
which are assumed to be inanity estimably thin [69].
cMUT Z capacitive micromachined ultrasonic transducer.
Fig. 3 Membrane deflection, calculated at a bias voltage of
150 V. There is also atmospheric pressure applied on the
membrane [69].
10 M.S. Salim et al.where VDC is the bias voltage, Si is the area of the i
th
capacitor plates, and di is the effective gap height
(distance) of the ith capacitor plates. The effective gap
height can be calculated by
diZ
tm
εr1
þ tins
εr2
þ gi ð4Þ
where tm and tins are the thickness of the membrane and
the insulator layer, respectively, whereas gi is the vacuum
gap of the corresponding segment. εr is the dielectric
constant of the insulating layer or the membrane material.
The corresponding membrane displacement as a result
of the electrostatic force over the electrode can be
calculated using the plate theorem [12]. Each capacitor
applies certain pressure over the small annular segment, as
shown in Fig. 1. The total displacement can be found by
superposing the contributions from each segment. For
a circular membrane, the membrane displacement when
there is a force over an annular region concentric with the
membrane is given by
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where wiðrÞ shows the displacement due to the ith capac-
itor; bi and Fi are the radius of the i
th segment and the
force over this segment, respectively. D is the flexural
rigidity. The total membrane displacement is given by
wðrÞZ
XN
iZ1
wiðrÞ ð6Þ
Since electrostatic forces change with membrane
displacement, the steps shown above should be iterated
until a convergence is obtained. The displacement at the
center can be monitored to decide whether or not the
solution is converged since the maximum displacement
occurs at the membrane center.
The above approach was tested on an example of cMUT
geometry shown in Fig. 2. Membrane displacement was
calculated using finite element modeling by ANSYS and the
proposed method. A total of 150 V DC voltage was appliedto the top electrode. In addition to the electrostatic
forces, atmospheric pressure was also taken into account.
Fig. 3 compares the result, which shows a good agreement
between the two methods.
The collapse voltage is found using a binary search
algorithm. The membrane displacement is calculated using
the method described above. If a voltage greater than the
collapse voltage is applied to the membrane, the above
method diverges instead of converging. Figs. 4 and 5 shows
the center displacement for different bias voltages. By
monitoring the second derivative of the center displace-
ment with respect to iteration number, it can be deter-
mined whether the applied voltage is more or less than the
collapse voltage.
Fabrication processes
We can categorize cMUT processes according to the highest
temperature achieved throughout the entire process,
Fig. 4 Center displacement for different bias voltages as
a function of iteration number [69].
cMUTs: Technology and Application 11because the highest temperature in the process has signifi-
cant implications on the kind of electronic integration that
follows. If the cMUTs arebuilt on the same silicon substrateas
the complementary metal–oxide–semiconductor (CMOS)Fig. 5 Theoretical and experimental of (A) real part; and (B)
imaginary part of the input electrical impedance of a cMUT
[68]. cMUTZ capacitive micromachined ultrasonic transducer.electronic circuitry, then the highest temperature cannot
exceed 400C. Such processes are called low-temperature
processes and are often referred to as CMOS compatible. All
other types are simply called high-temperature processes.
The wafer-bonding method, using fusion bonding, is clearly
a high-temperature process, and is not compatible for post-
processing on CMOS chips, although there are bonding
processes that are compatible. The sacrificial release
process can be high temperature or low temperature,
depending on the type of deposition equipment used. The
following sections will describe the high temperature sacri-
ficial release process that uses the low-pressure chemical
vapor deposition (LPCVD) technique for sacrificial layer and
membrane depositions.
The membrane material is silicon nitride (Si3N4); the
sacrificial layer material is polysilicon, which is selectively
removed with potassium hydroxide (KOH) solution. Possible
variations of the process (including the low-temperature
process) are discussed and compared for performance,
yield, and cost outcome [13].
Capacitive foil transducers
One approach to manufacturing cMUT followed precedent
works regarding capacitive devices made of a thin plastic
layer coated by a conductive film and tightened over
a contoured metal back plate [14,15]. Such a membrane,
being supported only at the high points (rail) of the back
plate, acts as a series of small membranes (Fig. 6). The
resonance frequencies of these small membranes depend
on the distances between rails, and also on the mechanical
tension of the plastic layer, together with the stiffness of
air trapped in the small gaps between the membrane and
the back plate. Hence, the control of the back plate’s
surface structure and of the mechanical properties of the
thin membrane enables the control of the transducer’s
operation [16]. Silicon micromachining techniques have
then been used to fabricate silicon back plates with the
required accuracy [17,18]. In particular, bulk micro-
machining techniques have been employed to manufacture
back plate structures with well-defined geometries. In fact,
bulk micromachining has been the first technology to be
used for the fabrication of microelectromechanical systems
(MEMS). The micromechanical structures are manufactured
in a silicon wafer by selectively removing parts of the wafer
material, using orientation-dependent etching of single
crystal silicon substrate. The bulk microfabrication process
for the ultrasonic transducer back plate starts with theFig. 6 The basic element of an electrostatic transducer [68].
12 M.S. Salim et al.deposition and patterning of a silicon nitride or a silicon
dioxide layer as a mask, then (100)-oriented silicon wafers
are etched in KOH aqueous solution, obtaining pits with
triangular or trapezoidal cross-section, and with depth
depending on the mask-opening dimension (Fig. 7). The
so-micro machined silicon back plate is coated by a metallic
layer and, subsequently, a polymer film with a thickness
ranging from 2e13 mm, metalized on one side, is stretched
over it and kept in tension by a metallic frame. Thanks to
the small dimension of the micro membranes, suspended
by the rails, the working frequency of these transducers
can reach 1 or 2 MHz in air [17,19]. The membrane is forced
to stay in contact with the rails due to the electrostatic
pressure caused by the polarization voltage, and this
constraint prevents down displacement of the membrane
towards the substrate. But, as soon as the frequency
increases, upward displacements are allowed. Due to this
degree of freedom, and to the mutual mechanical coupling
of the micro-membranes, regions in phase and out of phase
appear on the surface of the membrane, destroying the
coherence of the acoustic radiation [17], and limiting the
range of frequency these transducers can operate.
Surface-micromachined capacitive ultrasonic
transducers
Wafer bonding, considered as a bulk process, is widely used
in micromachining, and older than surface micromachining
techniques. There are three basic wafer-bonding tech-
niques: anodic bonding, fusion bonding, and adhesive
bonding. Among these techniques, silicon fusion bonding
has earned a stable position in today’s technology, and is
now used for various applications: bond-and-etch back
silicon-on-insulator (SOI) wafers, SMART-CUT SOI wafers,
power devices, and many silicon microstructures, such as
pressure sensors and accelerometers. Silicon fusion bonding
is a direct bond between two silicon surfaces. It takes
place at high temperatures, forming strong covalent bonds
between the silicon wafers.Fig. 7 Scanning Electron Microscopy (SEM) of a portion of
a CMUT silicon back plate fabricated by anisotropic etching of
silicon in KOH aqueous solution [68]. cMUT Z capacitive
micromachined ultrasonic transducer; KOH Z potassium
hydroxide.Most of these techniques are based on surface micro-
machining techniques [2,20], others are modified BiCMOS
processes [21], and others combine bulk and surface
micromachining for the realization of the membranes and
of the back plate [22].
In a surface-micromachining process, the micromechanical
structures are fabricated by deposition on the silicon wafer
of thin structural layers over thin sacrificial layers that can
be selectively removed. Thin film deposition techniques,
able to control the film’s mechanical properties, such as
internal stress or stress gradients, and dry and wet etchings
that remove sacrificial layers without damaging the struc-
tural ones, are essential for surface micromachining as
discussed below in this section.
The micromachining processes developed for the fabri-
cation of cMUTs can be classified according to the maximum
temperature used, which limits the degree of compatibility
with IC processing and hence the possibility of integration
of transducers and electronics on the same wafer.
The first process for the fabrication of cMUTs, based on
surface micromachining techniques, was developed at
Stanford University in Palo Alto, CA, USA [2]. The trans-
ducer is fabricated on a highly doped silicon wafer that
acts as the fixed electrode. The membrane’s structural
material is silicon nitride deposited by LPCVD over a sacri-
ficial layer of thermal oxide. Both the silicon nitride layer
and the backside of the silicon wafer are coated with
evaporated gold. Then a pattern of 3-mm diameter holes
on a bidimensional grid with 100-mm period is transferred
by lithography and etching through the gold and the
silicon nitride layer to reach the sacrificial oxide. Then
the membranes are released by wet etching of oxide in
pure hydrofluoridric acid. The membranes’ diameter is
controlled by timed etch. The major manufacturing issue of
this process consists in the membranes’ release. The risk of
fracture of the thin membranes and their sticking to the
substrate can be avoided by properly choosing layer thick-
nesses, thin films’ stresses, and membranes’ dimensions.
During drying after the sacrificial etching, capillary forces,
proportional to the membrane area, which can be balanced
by internal stress in the membrane, attract the membrane
toward the substrate [23]. A thin membrane separated
by a narrow gap from the back plate is the basic feature of
the cMUT, but a membrane that is too thin easily collapses
onto the substrate, and a thin gap limits the membrane’s
displacement during operation. A large value of the internal
stress in silicon nitride film increases the resistance to
collapse, but it can cause the membrane to break, resulting
in yield loss; furthermore, it affects the resonance vibra-
tion frequency of the membrane in air. As a consequence,
the cMUT presented by Haller and Khuri-Yakub [2] had
a 0.75-mm thick membrane suspended on a 1-mm thick gap.
The silicon nitride layer was deposited by LPCVD using
a mixture of ammonia and dichlorosilane at 800C in order
to tune the residual stress of the membrane at a value of
280 MPa.
Another issue of the process is the timed etch of the
sacrificial layer. The etching rate decreases with time as
the etchant and the etch products must diffuse longer
through the small holes in the structural layer. The
membrane’s diameter depends on the etching duration and
only circular membranes can be obtained, as the etch
cMUTs: Technology and Application 13proceeds isotropically. In addition, the etching selectivity
of the sacrificial layer against the structural one is not
100%, causing a modification of the membranes’ thickness
near the etchant holes.
Finally, a further important concern is that the cavities
below the membranes can be contaminated by humidity or
entered by particulates through the etchant holes. Lada-
baum and colleagues [24] addressed this last issue by using
electron beam lithography to define a pattern of submi-
cron etchant holes, and then transferring it to the silicon
nitride structural layer. These narrow holes are efficiently
sealed by a deposition of a thin layer of LPCVD silicon
nitride. In fact, the material is conformally deposited on
the edges of the hole, which is closed before any material
penetrates the cavity under the membrane. As the depo-
sition is made at low pressure, the cavity results in being
vacuum-sealed. Besides, using small via size, the
membrane’s geometry can be defined by the pattern of
the holes and problems related to long-time etching will
be overcome [25].Fig. 8 Surface micromachining process flow for the fabrication
cation; (C, D) deposition and pre patterning of the sacrificial laye
electrode fabrication; (H) passivation; (I) opening of the via; (J) rem
for contact pads. cMUT Z capacitive micromachined ultrasonic traA better control over the critical process steps necessary
for manufacturing the transducer in a robust manner has
been presented by Jin and colleagues [24]. LPCVD silicon
nitride is still used as a structural layer, but silicon oxide
has been replaced by amorphous silicon as a sacrificial
layer because of its good etching selectivity against the
membrane layer. Furthermore, prepatterning of the sacri-
ficial layer by lithographic and etching steps before the
structural layer deposition, allows better control of the cell
size under the membrane, which no longer depends on
timed oxide etching. In Fig. 8 the major steps of the process
flow, including prepatterning for the fabrication of cMUT is
illustrated.
Jin and colleagues [26] manufactured the fixed elec-
trode at the n-type silicon wafer surface by heavily doping
with phosphorus at 1000C. As the sacrificial material is
amorphous silicon, an etch stop is necessary between the
silicon wafer and the sacrificial layer, thus a thin LPCVD
silicon nitride film is deposited at 800C. Amorphous silicon
is then deposited at 560C and patterned into hexagonalof CMUTs: (A) thermal oxidation; (B) bottom electrode fabri-
r; (E) deposition of the membrane structural layer; (F, G) top
oval of the sacrificial layer; (K) hermetical sealing; (L) etching
nsducer.
Fig. 9 Buffered lateral sealing [68].
14 M.S. Salim et al.islands that will form the transducer’s active regions. The
thin membrane is made of LPCVD SiN deposited at 800C
with low tensile stress. Etching in aqueous KOH at 75C
removes the sacrificial amorphous silicon through the 2-mm
diameter etchant holes opened along the island perimeter.
As the membrane is released, the holes are vacuum-sealedFig. 10 The steps to fabricate wafer-bonded CMUTs [68]. cby a low thermal oxide (LTO) deposition. LTO has been
chosen for its high sticking coefficient, as it closes the via
without largely penetrating into the cavity under the
membrane.
A configuration of via and etch channels away from the
cavities (Fig. 9) was developed to limit the penetration of
sealing material inside the cavity and to preserve the
original thickness of the cavity and membrane [25]. The
etch hole is placed in the area among four adjacent
membranes; beneath the hole is a region surrounded by
vertical sidewalls with apertures towards etch channels
that connect the four sacrificial islands. The material
deposited to seal the via penetrates in the region under-
neath the via and it is almost kept there by the vertical
sidewalls, not entering the cavity. On the other hand, this
etch-hole configuration utilizes a large area among adja-
cent membranes, limiting the number of active cells per
unit area that defines the transducer’s filling factor.
Another high-temperature process for the fabrication of
cMUT, which overcomes the steps of opening vias for
sacrificial etching and subsequent sealing, is based on
a wafer-bonding technique and on the use of an SOI wafer
[22]. The membrane is made of the SOI silicon device layer,
whereas the cavity is fabricated on a low-resistivity silicon
wafer. They are then bonded together to form the cMUT
(Fig. 10). Cavities less than 2-mm in depth are manufac-
tured in a silicon dioxide layer thermally grown on the
silicon wafer; otherwise, to obtain deeper gaps, they are
etched in silicon, using the oxide film as a mask and
aqueous KOH solution for etching. The SOI wafer and the
back plate wafer are bonded in a vacuum and then
annealed at 1100C to ensure effective bonding. Then the
handle wafer and the buried oxide of SOI are removed inMUT Z capacitive micromachined ultrasonic transducer.
cMUTs: Technology and Application 15KOH and hydrofluoric acid (HF), respectively, leaving the
membrane suspended over the back plate by thin oxide
supports. The membrane comprises single-crystal silicon,
which is stress free, has low defects, is of uniform thick-
ness, and fabricated in a controlled and repeatable way by
the SOI wafer industry. It is a planar film with no holes,
suspended over vacuum-sealed cavities, with the shape and
size precisely controlled by means of a lithographic and
etching step, and not modified by any sealing deposition
step. Membranes with a diameter ranging from 12e750 mm,
and a thickness of between 0.34e4.5 mm have been fabri-
cated. For the cMUT, the active silicon layer is metalized
and patterned to make the top electrode, and coated by
a LTO layer for passivation.
The processes described above do not allow the inte-
gration of electronics and transducers on the same cMUT
wafer, because the high temperature steps in the cMUT
fabrication are not compatible with IC processing. Then
a two-chip approach can be used, building the transducer
on one chip, the control electronics on another, and then
wire bonding them together.
However, for high-density 2-D cMUT arrays, made of
thousands of elements, addressing each individual element
by wire bonding becomes an issue. In addition, the parasitic
capacitance of the interconnection between the cMUT
element and its electronics limits the transducer’s perfor-
mance. A solution is based on through-wafer interconnect
technology [4,27]. Wire bonding is replaced by through-chip
via that bring the interconnections from the front-side of
the cMUT wafer to the back side of the wafer, and then the
cMUTwafer can be flip-chip bonded to the wafer containingFig. 11 (A) a metal-insulator semiconductor junction (MIS) throu
junction (MIS) through the wafer cross section [68].the signal processing electronics. The high aspect ratio via
are manufactured by deep reactive ion etching: 20-mm
diameter channels are etched through a 400-mm-thick
silicon wafer (Fig. 11A). To further reduce the parasitic
capacitance, the capacitors formed by the bulk silicon
substrate and the polysilicon pads for top and bottom
electrodes, and the via through the wafer must be taken
into account. They are minimized implementing reverse-
biased pn junctions between the pads and the wafer, and
a reverse-biased metal-insulator-semiconductor junction
inside the via (Fig. 11B). When the junctions are reverse
biased, the silicon wafer is electron depleted, resulting in
a low parasitic capacitance [4].CMOS-compatible fabrication processes for cMUTs
Alternative fabrication processes for cMUTs are based on
low-temperature thin film deposition techniques or on
modified CMOS processes, resulting in compatible integra-
tion with the transducer and signal conditioning electronics
on the same wafer. In a modified CMOS process [28], the
membrane is made of polysilicon over the field oxide, which
is removed as the sacrificial layer to release the membrane.
This is the only additional step introduced in the standard
BiCMOS process flow for cMUT manufacturing. Membranes
with diameter ranging from 20e100 mm and thickness
between 0.5 and 4 mm have been fabricated. The trans-
ducers can be monolithically integrated with electronics on
one chip, hence reducing parasitic capacitance and
improving signal-to-noise ratio (Fig. 12).gh wafer via schematics; (B) a metal-insulator semiconductor
Fig. 12 Structure of the integrated ultrasonic transducer cell
and Complementary metal–oxide–Semiconductor (CMOS) tran-
sistors [68].
16 M.S. Salim et al.In the proposed low-temperature processes for cMUTs
[20,28,29], the structural material for the membrane’s
fabrication is silicon nitride, deposited by plasma enhanced
chemical vapor deposition (PECVD).
The use of PECVD allows for the deposit of silicon nitride
structural layers at low temperature (400C), with such
characteristics as mechanical stress, density, resistivity, and
etch rate controlled by the deposition parameters. In addi-
tion, the low temperature permits the use of a wide range of
materials for sacrificial layers and for metallization. Poly-
imide layers, spin-coated on silicon substrates, have been
used as sacrificial material underneath the PECVD silicon
nitridemembranes, because cured polyimide is not modified
at 400C. It can be removed by wet etching, with perfect
selectivity with respect to structural layers [28], and also by
dry etching in plasma of Tetrafluoromethane (CF4) and O2
[20]; this allows station problems to be overcome and the
fabrication of large membranes, provided micrometric
etchant holes are placed on the membrane’s area to give
sufficient access to plasma for sacrificial removal. On the
other hand, such large holes on the membrane are difficult
to seal without affecting the cavity underneath.
As already discussed, the mechanical properties of the
membrane structural layer affect the performance ofFig. 13 Atomic force cross-section profile and topography of a
40 mm and the diameter of the vias is 40 mm [68]. cMUT Z capacia cMUT; PECVD silicon nitride is characterized by poorer
properties than LPCVD, i.e., lower density, lower Young’s
modulus, and higher etch rate in HF and KOH [30], but it
can be optimized as a structural layer for micromachined
free-standing membranes, and its internal stress can be
tuned varying the deposition parameters, as Radio
Frequency (RF) power [20] or relative flow rates of reactant
gases [31]. PECVD silicon nitride is deposited using saline,
ammonia, nitrogen, and helium at temperatures lower than
400C. By increasing the ammonia to a saline flow-rate
ratio, the internal stress changes from compressive to
tensile as it can be monitored by the change in the
membrane’s deformation. In fact, as the membranes are
suspended over the cavities by elastic supports, the
residual stress in the film pushes the supports, and the
membrane bends downward or upward, depending on
whether the stress is tensile or compressive; the membrane
stands flat if the structural layer is stress free (Fig. 13).
The cavities are sealed by a PECVD silicon nitride
deposition that fills the vias placed on small regions
protruding from the membrane’s perimeter in Fig. 14A and
does not penetrate the cavity. The top electrode is fabri-
cated by sputtering deposition and patterning of a metal
layer at the top of the membrane, and it is finally protected
by a thin PECVD silicon nitride layer. The contact windows
on pads are opened by dry etching. Fig. 14B shows a single
element CMUT, made of 1512 electrostatic cells, covering
an area of 3 mm2.
To fabricate the multielement cMUT array, the process is
the same of that of single element transducers, except for
the photolithographic masks, as shown in Fig. 15, where
a portion of a cMUT array is shown. The array comprises
rectangular elements (230-mm wide, 12-mm long, with
a 15-mm separation between the adjacent elements), with
the sealed active cells aligned over the rectangular bottom
electrodes, and the contact pads, for connecting each
element by wire bonding to driving circuitry [68].
Applications
The applications of cMUTs can be divided into two main
categories, (1) air applications, and (2) immersionCMUT membrane after release. The membrane’s diameter is
tive micromachined ultrasonic transducer.
Fig. 14 (A) Photograph of a portion of a fabricated CMUT, showing a top view of some membranes with the sealed vias and the
top electrode; (B) photograph of a single-element 3-mm2 CMUT, with the two contact pads for connection of the fixed electrode at
the bottom of the cells and the free electrode at the top of the membrane [68]. cMUT Z capacitive micromachined ultrasonic
transducer.
cMUTs: Technology and Application 17applications. Air applications refer to cases where the
membranes are loaded with air or a gas. Similarly, immer-
sion applications refer to cases where the loading medium is
a fluid. The following subsections will discuss these appli-
cations and show device examples, while highlighting the
advantages and disadvantages of cMUTs [69].Fig. 15 Photograph of a portion of a CMUT array, made of rectan
sealed active cells aligned over the rectangular bottom electrodes
each element [68]. cMUT Z capacitive micromachined ultrasonicImmersion applications
Immersion applications refer to cases in which the trans-
ducer is loaded with a fluid or a mechanically equivalent
solid. For example, medical imaging, in which the subject
is mostly the human body, is considered an immersiongular elements (pitch, 250 mm; elevation, 12 mm), showing the
; the contact pads that are contacted by wire bonding to drive
transducer.
18 M.S. Salim et al.application. All of the above-mentioned air applications
ranging, flow metering, and nondestructive testing (NDT)
have an immersion version. Sonar, for example, is under-
water ranging. Flow metering, when done in fluid pipes, is
an immersion application. In some NDT applications, the
target(s), together with the ultrasonic transducer(s), can
be immersed in a neutral fluid, where ultrasound is coupled
to the target through the fluid. Because cMUTs are mostly
fabricated with sealed cavities, air cMUT transducers can
also operate in immersion. However, the size of the trans-
ducer and the cavity height must be designed properly
for optimum operation in fluids. Fluids have acoustical
impedance three to four orders of magnitude higher than
air. Therefore, fluid loading over damps the normally
resonant membranes of cMUTs, which results in excep-
tionally wide bandwidth operation, which is one of the most
important benefits of using cMUTs in immersion. Besides,
the electrical match is not as great as it is in air applica-
tions, and is typically 10 dB or larger. In sonar applications,
there are traditionally two main issues: bandwidth and the
size of low-frequency transducers. When space is limited,
as in unmanned underwater vehicles (UUV), managing these
issues becomes a challenge. Because cMUTs are inherently
wide-band transducers in immersion applications, they can
help solve such challenges. Consider the device example in
the insert of Fig. 16. The device is a single element sonar
transmitter, 75-mm in diameter, comprising 650-mm wide
and 4.2-mm thick square membranes. The frequency
response was measured by a pulse-echo experiment where
the single tone burst pulse was reflected from a plane
reflector at 10 cm. Both the transmitter and receiver of the
cMUT transducer was biased to 100 Vin (bias DC voltage
power supply). The received echo signal was converted to
a frequency response by fast Fourier transformation (FFT),
which was later corrected for diffraction. This single
element sonar transmitter has a frequency range extendingFig. 16 Frequency spectrum of a sonar transmitter, 7.5-cm
in diameter, made of 650-mm-wide square membranes. The
spectrum is obtained from the pulse-echo response, where the
transmitted signal was reflected from a plane reflector 10 cm
away. The response, which covers the frequency range from
10e180 kHz, is corrected for diffraction [69].from 10e180 kHz, which would usually be covered with
two to three piezoelectric transducers. The device was
fabricated using the wafer-bonding method [22] on a 0.5-
mm-thick silicon substrate. By contrast to the thickness of
the thickness-mode piezoelectric transducers at these
frequencies, cMUTs are low-profile devices. That is, several
piezoelectric transmitters may be replaced by a single
cMUT sonar transmitter.
Immersion flow metering and NDT applications also
benefit fromwide-band cMUT transducers. Wide-band, high-
frequency (a few MHz) transducers can be employed to
reduce noise in flow-metering applications and to increase
the detection resolution in NDT applications. Fig. 17A shows
the pulse-echo experiment setup, and Fig. 17B shows the
frequency response of another device example that is
7 mm 7 mm in size, and has a 96-mm diameter and 0.5-mm-
thick circular membranes. The frequency response was
obtained by a similar pulse-echo experiment as explained
above. The transducer was excited by a 20 V, 200 ns pulse on
top of 100 V bias. As the plot (Fig. 17B) clearly depicts, the
device has wide frequency bandwidth extending from
0.5e2.5 MHz, without any matching layer or matching
network.
Although the above-mentioned applications benefit
from the superior properties of cMUTs, there hasn’t been
much interest in those applications. The biggest interest inFig. 17 (A) Pulse-echo experiment setup to obtain frequency
response in immersion; (B) immersion frequency response of
a 7 mm  7 mm device, which extends from 0.5e2.5 MHz. The
response is corrected both for diffraction and attenuation in
the fluid [69].
cMUTs: Technology and Application 19immersion cMUTs has been in underwater and medical
imaging applications using one-dimensional and 2-D arrays.
There are four reasons for this interest: exceptional
immersion bandwidth of cMUTs, frequency range that is
covered by the technology (10 kHze60 MHz), scalability of
the micromachining technology, and low manufacturing
cost. In ultrasound imaging, at a given frequency, the depth
resolution is determined solely by the length of the ultra-
sonic pulses generated by the transducer array elements. In
other words, to be able to resolve between two very closeFig. 18 (A) Picture of a one-dimensional array designed for und
pulse-echo experiment, were excited with a single-cycle tone burst
increments, and the echo signals were collected with a computer
signals on a color plot; (C) is the normalized version of the FFT ma
measured at 100 V bias; (E) shows its uncorrected (black line) and
Fourier transformation.reflectors in the imaging plane, the echo signals coming
from the reflectors must be separate in time, which is
possible only with short ultrasound pulses. Because the
pulse length is inversely proportional to the frequency
bandwidth, using wide-band cMUT arrays increases the
depth resolution. Fig. 18 shows a picture of a one-
dimensional array designed for underwater imaging. The
top part of the figure shows the 100-mm wafer on which the
arrays were fabricated. Each wafer contains eight arrays,
each with 86 elements. The lower part of the figure showserwater imaging. Four elements, connected together for the
at 1.85 MHz. The bias voltage was increased to 100 V with 1-V
at each voltage increment; (B) shows the FFT of the received
p for each voltage increment; (D) shows a sample echo signal
corrected (red line) normalized FFT spectrum [69]. FFT Z fast
20 M.S. Salim et al.the array elements in detail. Each element is 560-mm wide
and comprises 200 square membranes, which are 96-mm in
size. Four elements were connected together for the pulse-
echo experiments, and excited with a single cycle, 10 V
peak tone burst at 1.85 MHz. The reflector was located
1.1-cm away from the cMUT array, and the echo signal from
the reflector was collected using the same elements. The
bias voltage was increased to 100 V with 1 V increments,
and the echo signals were collected at each voltage
increment using a computer. Fig. 18B and C show the FFT
of the echo signals (raw and normalized, respectively) on
a color plot. As the time domain response clearly shows,
the cMUT arrays have wide frequency bandwidth, from
0.4e2.7 MHz. Similarly, both lateral and depth resolutions
are inversely proportional to the imaging frequency. That
is, the size of the smallest pattern or structure that can be
resolved decreases as the frequency of operation increases.
However, the attenuation coefficient of sound in water is
proportional to the square of the frequency, which means
that the attenuation will increase and the imaging range
will decrease dramatically for high-frequency ultrasound.
The shortcoming of cMUTs in immersion applications has
been the output pressure capability, which is lower than
the competing piezoelectric transducers. Increasing the fill
factor and average displacement by using rectangular
membranes [37] improves the output pressure capability as
well as the receive sensitivity. There is also a new regime of
operation [38e42,52e54] under investigation, in which the
cMUT membranes are operated in collapse mode. In this
mode, cMUT membranes are collapsed intentionally so that
the center of the membrane is pinned to the substrate, and
the ring around the center is vibrating. Because very high
electric fields are sustained around the collapsed region, it
is possible to generate high-output pressures as well. The
close proximity between the membrane and the bottom
electrode around the collapsed region also improves the
receive sensitivity and matching to the electronics. In
medical imaging, there is growing interest in miniature,
volumetric imaging devices, mainly for in vivo applications
[43,44], such as intravascular imaging, surgical guidance,
etc. Because of the scalability of the micromachining
process (like the scalability of the integrated circuit
processes), manufacturing of miniature cMUT arrays is easy.
The membranes and elements are defined by photolitho-
graphic techniques. Therefore, manufacturing an array of
cMUTs is equivalent to manufacturing a single element
cMUT. The only exception is when electrical through-wafer
interconnects are involved, which adds a number of steps
to the fabrication process. When integrated with elec-
tronics through wafer interconnects and flip-chip bonding,
miniature cMUT arrays will be very powerful imaging tools
in vivo applications.Air applications
Air applications highlight two very distinct features of
cMUTs: excellent match to air with very high coupling effi-
ciency, and temperature tolerance. The latter is a feature
of the materials that make up cMUTs. Usually, the substrate
is silicon and the membrane material is either silicon or
silicon nitride, both of which have very high melting points.The temperature limit is more likely to be determined by
the metal layer used. The stress that develops at very high
temperatures because of the difference in the thermal
expansion coefficients of the layers can be taken into
account during the design stage. The most attractive
feature of cMUTs in air applications is its excellent match to
air (or other gases), a consequence of the low mechanical
impedance of thin membranes.
Consider a device example that is 7 mm  7 mm in size,
fabricated using the silicon nitride technology. The device
is made of 7056 circular membranes, each of which has
a diameter of 80 mm. The membranes are silicon nitride and
1-mm thick. The gap height is 0.8-mm before deflection due
to atmospheric pressure. Fig. 19A shows the deflection
curves of the membrane at various bias voltages ranging
from 0e170 V. The deflection curves were obtained using
a white light interferometer (Zygo-Veeco, Middlefield,
USA). Notice that the membranes are deflected by a 0.25-
mm at 0-V bias that is caused by the atmospheric pressure.
The input impedance of this device was measured using
a vector network analyzer (HP8751) and a power supply
(SRS P310). Both pieces of equipment were controlled
through a General Purpose Interface Bus (GPIB) interface
and the input impedance data was collected with 1-V
increments. Fig. 19B shows a sample input impedance
data at 140-V bias. The imaginary part of the impedance
crosses the x-axis twice. The first crossing is the short-
circuit resonance where the membrane displacement is
maximum, and the second crossing is the open-circuit
resonance where the real part of the impedance makes
a peak. Fig. 19C shows the short and open-circuit reso-
nances as a function of the bias voltage from which the
electromechanical coupling efficiency is calculated. As
Fig. 19D reveals, it attains a value of 0.8 at a 180-V bias.
The electrical input impedance data was used to calculate
the insertion loss of the cMUT device. Fig. 20A is the plot of
the insertion loss together with the center frequency as
a function of the bias voltage. As the figure reveals, the
cMUT device is matched to 50 U very well (without any
matching layer or electrical matching network) for bias
voltages above 80 V, and the center frequency is tunable
between 1.25e2.75 MHz. Fig. 20B plots the 3-dB bandwidth
of the insertion loss, which shows that close to collapse
voltage, and the bandwidth of the cMUT device increases
significantly (60% fractional bandwidth in air). This is
a consequence of the spring softening effect, described in
the modeling section, and comes without any matching
effort. Fig. 20C is a plot that shows the effect of active area
coverage, where the device with circular membranes is
compared to a device made of 8016 hexagonal membranes.
Because the hexagonal membranes were packed more
densely in a hexagonal grid, the active area coverage was
increased from 73%e86% for the device with circular
membranes. This reflects a better match to 50 U at lower
bias voltages, and a better match to lower source imped-
ances. Fig. 20D compares the insertion loss for a 5-U
system, showing that the device with higher active area
coverage has a better match. Note that a 5U system can
deliver 10 times more power than a 50-U system.
The dynamic range of this device, defined as the ratio of
the output pressure per volt excitation to the minimum
detectable pressure, was estimated to be 160d B/V. A low-
Fig. 19 A 7 mm  7 mm cMUT device operating in air: (A) static deflection curves of the membrane at various bias voltages are
measured using a white light interferometer from Veeco; (B) input impedance data in air is measured using HP8751 network
analyzer (bias voltage is 140 V); (C) short-circuit (fY) and open-circuit (fR) resonant frequencies are plotted as a function of bias
voltage; (D) electromechanical coupling coefficient, as calculated from the short and open circuit resonant frequencies, is plotted
as a function of bias voltage [69]. cMUT Z capacitive micromachined ultrasonic transducer.
cMUTs: Technology and Application 21noise amplifier with an input impedance of 50 U and an
input referred noise voltage of 1 nV/vHz was used in making
this estimation. The dynamic range of a transducer is
a measure of the total loss the system can tolerate and still
receive a signal with a signal-to-noise ratio of one.
Thus, at 2 MHz, this device has a range of 24-cm in air,
which increases to 1 m at 1 MHz. This also means the
acoustic signal can go through solids despite the large
impedance mismatch with air, and still be detected (for
aluminum, the two-way acoustical mismatch loss is 80dB)
with good Signal to noise ratio (SNR). Electrical and
acoustical matching, high electromechanical coupling effi-
ciency, and bandwidth are key features for air applications
such as ultrasonic ranging [32,33], gas-flow metering [34],
and NDT of fracture/crack in solids [6,35]. Ultrasonic
ranging is measuring the distance of a target from the
ultrasound source, and is done by a pulse-echo measure-
ment, either with a single transducer or with a transmit/
receive pair, and by measuring the time of flight. The
distance to the target is calculated using the speed of sound
in air. Ultrasonic ranging using piezoelectric transducers
and conventional electrostatic transducers have been in
use in many fields, such as auto-focus cameras, motion
detectors, proximity sensors, and robotics. In addition to
the high dynamic range (longer range detection), cMUTs
offer three more significant advantages. First, because ofthe way they are built (sealed cavity), cMUTs have excel-
lent tolerance to humidity, particles, and, with a proper
choice of materials during the fabrication process, to most
chemicals. The second advantage, which is also a conse-
quence of the sealed cavity, is the ability to generate high-
frequency ultrasound (a few MHz in air) with high effi-
ciency. Although using high-frequency ultrasound decreases
the range in air considerably, it increases the accuracy in
localizing and tracking targets and enables detection of
smaller targets. Finally, cMUTs can be fabricated in the
form of arrays, which makes acoustic beam shaping and
steering possible. Together with the relatively wide band-
width of cMUTs in air (compared to piezoelectric trans-
ducers and conventional electrostatic transducers), using
an array of transducers can increase the accuracy of
locating objects in a multiobject environment. Gas-flow
metering using ultrasound can be done in two ways, (1)
with two transducers facing each other in the direction of
the flow, or (2) with an array of transducers facing
a reflector perpendicular to the direction of the flow
(Fig. 21).
In the former, one of the transducers is used to transmit
ultrasound parallel to the flow, and the other is used to
detect the transmitted signal. Themeasurement is repeated
by reversing the transmitter and receiver pair (or it can be
done simultaneously). The flow speed is measured by
Fig. 20 A 7 mm  7 mm cMUT device operating in air: (A) minimum insertion loss; (B) 3-dB bandwidth of the insertion loss, as
calculated from the input impedance data of the device; (C) circular and hexagonal membranes are compared for a source
impedance of 50; and (D) 5. The hexagonal membranes are tightly packed with active area coverage of 86%, whereas the circular
membranes are packed on a square grid resulting in active area coverage of 73% [69]. cMUTZ capacitive micromachined ultrasonic
transducer.
22 M.S. Salim et al.measuring the difference in the time of flights. In the latter,
one of the elements of the array is used as a transmitter
and the relative amplitudes and phases received by the
array elements determine the direction and magnitude of
the flow.
The first method assumed that the temperature and the
density of the gas are constant or measured by some other
means. Because the speed of sound in a gas is a strong
function of both temperature and density, the time of flight
measurement will depend on all three components: flow
rate, temperature, and density of the gas. In the second
method, the flow rate is measured independent of the
temperature and density, by measuring the direction of the
transmitted ultrasound. In addition, the second method
allows simultaneous measurement of temperature andFig. 21 Ultrasonic flow-metering methods: (A) parallel to the
direction of flow; (B) perpendicular to the direction of flow [69].density, using time of flight and electrical input impedance
measurements [36]. The high efficiency and the relatively
large bandwidth of cMUT transducers offer several advan-
tages in flow metering as well. The ability to generate short
ultrasound pulses (per large bandwidth) increases the SNR
of the received signal and allows the use of chirp signals to
improve SNR even further [34]. In low-pressure environ-
ments in which acoustical impedance of the medium is
lower than air, the low mechanical impedance of cMUTs
presents an even greater advantage.
Nondestructive testing (NDT) refers to the evaluation of
solid structures (such as machine parts, airplane wings,
engines) to locate defects, fractures, voids, among others,
using noninvasive techniques so that the piece, if found
intact, can be used in normal operation again. NDT is
a crucially important field for monitoring the condition of
expensive and critical equipment. Among other means used
in NDT (such as optics and electromagnetic waves), ultra-
sound has the unique capability of penetrating deep into
solids, which allows the detection of sub-surface defects.
The advantages of cMUTs for other air applications (high
dynamic range, efficiency, bandwidth, tolerance to heat,
humidity, particles, and some chemicals) apply to air-
coupled NDT as well. The dynamic range of cMUTs is suffi-
cient to tolerate acoustical mismatch losses associated with
going into solids from air and coming back. The targets
cMUTs: Technology and Application 23can be tested in pulse-echo configuration where a single
transducer is used for both transmission and reception, or
in a pitch-catch configuration, as shown in Fig. 22A. Fig. 22B
and C show images obtained with two cMUTs in a pitch-
catch configuration. The aluminum block is 30-mm thick,
with an intentional dent on the backside. The dent is
a 3 cm  3 cm cross sign with a 0.5-mm depth [69].
Special applications
Structure health monitoring
The microstereolithography (MSL) technique has been
used to construct polymeric capacitive transducer (PCT)
manufacturing. This is a rapid prototyping technique that
can be used to manufacture small components [45]. It uses
the fact that thin layers of photosensitive polymers will
solidify when illuminated with the correct wavelength and
intensity of ultraviolet (UV) light. An object is constructed
from a series of solidified layers, each of which can have
a different form to give the required three-dimensional
shape. Fig. 23 shows a schematic diagram of such
a system. The object to be constructed is first designed in
software as a series of layers. Fig. 24 shows how a cone
would be constructed (the layers are shown at increased
thickness for clarity). These layer patterns are fed to anFig. 22 (A) Experimental setup for through transmission experi
scanning stage; (B) through-transmission amplitude; and (C) phase
2.3 MHz are plotted. The aluminum block is intentionally indented
5 mm. The indentation depth is only 0.5 mm. The images are gray-s
or beam shaping [69]. cMUT Z capacitive micromachined ultrasonillumination system whereby the required pattern is
created via a series of micromirrors. The pattern is then
used to illuminate a thin layer of liquid polymer next to
a moveable build platform. This is slowly moved vertically
so that, layer by layer, the object can be constructed from
a set of individual layers.
In the case of a polymer cMUT, the construction method
involved creating the back plate and membrane as two
separate components, then applying the membrane to the
depression in the back plate to form an air-filled gap [46].
The resulting polymer cMUT is shown schematically in
Fig. 25 [70].
Operation of a PCT device
The devices fabricated using MSL have been evaluated for
two different structural health-monitoring (SHM) applica-
tions. The first of these is acoustic emission. Here, signals
emitted by a propagating crack, or some other defect, are
detected using an array of sensors placed over an object.
The time of arrival of the signal at each of the static sensors
can be used to determine the location of the defect, and
to reject other signals arising from outside the volume of
interest. In addition, the waveform itself can give infor-
mation about the event that generated it. A second area of
SHM that has been investigated is the monitoring of vibra-
tions of a structure, due to external excitation. This tech-
nique can be used, for instance, to check for changes inment where the aluminum block is attached to a mechanical
images of the aluminum block using a single cMUT element at
with a cross sign, which is 3 cm  3 cm, and the line width is
cale plots of the received raw signals, with no signal processing
ic transducer.
Fig. 23 Schematic diagram of an MSL system [70]. MSL Z microstereolithography.
24 M.S. Salim et al.internal combustion engines, to monitor the wear of
bearing surfaces, liquid flows in pipes, and many other
applications. It was felt interesting to determine the
usefulness of these new devices in both of these applica-
tions. Note that MEMS-type devices have been used for such
monitoring, using a capacitive structure [47] fabricated via
silicon processing (as in conventional cMUTs).
Detection of internal solid materials defects using Lamb
waves
It was first necessary to determine that the devices could
act as receivers of waves transmitted through a solid. There
are a number of ultrasonic wave modes possible within
solids following the process of acoustic emission from
a defect. Within a plate-like structure, Lamb waves are the
most commonly encountered guided wave mode, as theyFig. 24 Details of how (A) a cone would be constructed; from
(B) a series of imaginary layers; to give (C) a real object that
would result from such an MSL process. In practice, the layers
would be sufficiently thin that individual steps would not be
visible [70]. MSL Z microstereolithography.can propagate over long distances in plates and pipes
[48]. They have been used for inspection and structural
health monitoring in many situations [49]. The presence
of Lamb waves can complicate the analysis of signals by
their dispersive nature. When a source is excited by
a broadband pulse, the different frequency components in
a given dispersive Lamb mode will travel at different
speeds, with more than one mode able to exist at any given
frequency. At low frequency-thickness products, only the s0
(symmetric) and a0 (asymmetric) modes can propagate in
a plate. The accurate determination of a particular mode of
interest is extremely important, because each mode has
different thickness values and is sensitive to different types
of flaws. Fig. 26A and B shows the waveform received byFig. 25 A typical polymer CMUT as constructed using MSL
techniques [70]. cMUT Z capacitive micromachined ultrasonic
transducer; MSL Z microstereolithography.
Fig. 26 Experimental results obtained using a piezoelectric a Panametrics contact transducer as a source and a polymer cMUT
transducer, Coventry, UK as a receiver on a 2-mm-thick aluminum plate. (A) time waveform; (B) plot in the time-frequency domain,
together with theoretical dispersion curves for the two zero order modes [70]. cMUT Z capacitive micromachined ultrasonic
transducer, Coventry, UK.
cMUTs: Technology and Application 25the MSL technique, using the piezoelectric transducer as
the source of Lamb waves and excitation with a transient
square-wave voltage waveform with a peak energy at
200 kHz, but with energy across a reasonable bandwidth.
Biometric recognition of human hand anatomic
elements
Biometrics refers to methods for uniquely recognizing
humans based upon one or more physical or behavioral
traits. The first scientific method for biometric identifica-
tion is commonly attributed to Alphonse Bertillon, a French
criminal identification bureau chief in the late 1800s, who
proposed an anthropometric method based on the
measurement of the physical characteristics of the head,
the bust, and the limbs of an individual [50]. This system
was very popular at the end of the 19th century until it was
supplanted by ink-based fingerprinting.
Although biometrics emerged from its extensive use in law
enforcement to identify criminals, it is being increasingly
used to establish person recognition in a large number of
civilian applications. Nowadays, the applications of biomet-
rics can be divided into the following three main groups:
 Commercial applications such as computer network
logins, electronic data security, e-commerce, Internet
access, automated teller machines, credit cards, phys-
ical access controls, cellular phones, personal digital
assistants, medical records management, and distance
learning
 Government applications such as a national identifica-
tion card, correctional facilities, driver’s licenses,
social security, welfare disbursements, border control,
and passport control; Forensic applications such as corpse identification,
criminal investigation, terrorist identification, particu-
larly DNA testing to determine parenthood, and specific
iris recognition-based biometric technologies to locate
and identify missing children and adults; and
 Hand geometry recognition is the longest implemented
biometric type. Commercial hand geometry-based veri-
fication systems have been installed in hundreds of
locations around the world. It simply measures and
records length, width, thickness, and surface area of an
individual’s hand [51,52]. The geometry of thehand is not
known to be very distinctive and hand geometry-based
recognition systems cannot be scaled up for systems
requiring identification of an individual from a large
population. Hand geometry is exploited in conjunction
with other biometric methods to improve recognition
accuracy as well [53e55]. In general, several multimodal
biometric systems,whichusemore thanone independent
source of information to recognize individuals, have been
successfully developed in recent years [56e58].Biometric technology and capability
The most commonly used technology in biometrics is the
optical one, but other techniques (capacitive sensors [59],
thermal near-infrared sensors [60], and, more recently,
ultrasonic transducers [61]) have also been experimented
with. Ultrasounds have some intrinsic advantages with
respect to other methods; in fact, they are not sensitive to
surface contaminations, such as stains, dirt, oil, or worn
skin. In addition, they provide information not only of the
skin surface; rather, they provide information for the entire
volume under the investigated skin region. Furthermore,
ultrasound detects liveness, and therefore can easily
detect fakes.
26 M.S. Salim et al.Scanning acquisition time can be reduced using an
ultrasonic linear array transducer that moves in a direction
perpendicular to the electronic scanning plane. This tech-
nique is a 3-D ultrasound imaging modality with many
possible biomedical applications [62e64] that can be
extended to biometrics as well. The data are normally
acquired by an ultrasound transducer and stored in a series
of B-scans. The B-scans thus form a 3-D data set that can be
visualized and processed in a large number of ways.
Iula and Santis [71] have achieved 3-D echographic
images of different human hands based on the moving
linear array technique to evaluate this technique for
biometric recognition purposes.
The hands of several users were scanned and the cor-
responding 3-D matrices were built. The capability of the
proposed technique to provide biometric information of the
internal region of the hand was evaluated by analyzing
several 2-D images (B-scan and C-scan). Figs. 27A and B
show the B-scans of two different users at a scan depth of
41 mm. In Fig. 27, the blood flowing through some vessels is
highlighted by the Doppler analysis to demonstrate the
liveness in the investigated sample. The liveness check is
usually required in several biometric authentication
systems to detect fakes [65].
A comparison between Figs. 28A and B gives the first
qualitative vision of the differences between the two
ultrasonic images. In Fig. 28B, several possible internal
elements are highlighted and possible quantitative param-
eters that could be exploited for biometric purposes are
defined. These parameters include: the depth of each
element from the skin (Ei), the height (EHi) and the width
(EWi) of the elements, and the relative distances between
two elements (DEiEj). For example, in the Fig. 28 the
distance between two vessels (DV2V3) is highlighted in red;
the tendon (TH1, TW1) and the muscle (MH1, MW1) dimen-
sions in orange and green, respectively; the depth of theFig. 27 B-scans of two different users at a scan depth of 41 m
several possible biometric parameters [71].bone from the skin (Bi) in blue. All these parameters can be
evaluated and measured to create a template of the user’s
characteristics in analogy with the enrolment and verifi-
cation processes commonly used in classical 2-D hand
geometry biometric systems [51,52,66,67].
To test the capability of the system to discriminate
among different users, the hands of more than ten different
people were analyzed. Fig. 28 shows the four more signif-
icant achieved B-scans. User A (Fig. 28A) is a man of
medium weight; user B (Fig. 28B) is a man of medium
weight who is thinner than A; user C (Fig. 28C) is a taller
and more robust man than A and B; user D (Fig. 28D) is
a small-sized woman. The images are obtained by setting
a depth of 21 mm for all to maximize the resolution in the Z
direction. In the plots, the measured values of some of the
parameters defined above are shown.3-D hand geometry technique
The proposed biometric characteristic has features similar
to those of classical 2-D hand geometry, so researchers
call it “3-D hand geometry.” The conclusions of Iula and
Santis’ work [71], which is an experimental evaluation of
the reliability of the moving linear ultrasonic array tech-
nique for biometric purposes, has been presented. Several
B-scans were automatically acquired and stored by moving
the probe in a direction orthogonal to the array, to form
a 3-D matrix representing the under-skin volume.
B-scan and C-scan images of the palms of the hand of
different userswereanalyzed and compared.The results show
that, in the analyzed region (about 10mmunder the skin of the
palm), there are several anatomic elements (including bones,
bending tendons,muscle tissue, andblood vessels) that can be
exploited for the measurement of biometric parameters. As
matter of fact, a new biometric characteristic has beenm. (A) Doppler analysis highlights blood flow; (B) definition of
Fig. 28 B-scans from four different users. Some possible biometric parameters are quantified [71].
cMUTs: Technology and Application 27defined. The 3-D hand geometry has the same peculiar
features, which seems very interesting for biometric
purposes. First of all, 3-D geometry means that 3-D
templates can be extracted for the enrolment proce-
dures with an expected improvement of distinctiveness
both for the increase of measurable parameters and for the
possibility of recording 3-D patterns. Another important
feature is the very low possibility of circumvention. In fact,
it is very difficult to fake internal anatomic elements
and, most importantly, the proposed technique can easily
include a Liveness check by means of the Doppler analysis.
Finally, 3-D hand geometry benefits the intrinsic charac-
teristic of ultrasounds by making them not sensitive to skin
contaminations or worn skin caused by fraudulent, envi-
ronmental, or occupational reasons [71].Ultrasonic characterization of blood coagulation
More than 50 factors may affect the blood coagulation
mechanism, which makes it a complex physiologic process.
The normal process of blood coagulation involves threeessential steps. Thefirst step is rupture of the vessel response
or damage to the blood itself, which sets off a complex
cascade of chemical reactions in the blood involving more
than a dozen blood coagulation factors, the net result of
which is the formation of a complex of activated substances
collectively called prothrombin activator. Second, the
prothrombin activator catalyzes the conversion of
prothrombin into thrombin. Third, the thrombin acts as an
enzyme to convert fibrinogen into fibrin fibers that enmesh
platelets, blood cells, and plasma. Finally, the blood
becomes a solid gel and a clot, which is composed of
a meshwork of fibrin. Fibers running in all directions entrap
blood cells, platelets, and plasma. All the essential steps
require activated platelets, plasma cofactors, and Ca2þ [72].
Ultrasound-based methods that have been used to study
blood coagulation properties have mainly employed
measurements of acoustic parameters of clotting blood
and ultrasound elastography. The measurement of back-
scattered ultrasound signals has been shown to vary
according to the size, shape, concentration, density, and
elastic properties of the scatters in a biologic tissue. The
effect of fibrin fibers increases the size and changes the
Fig. 29 A typical ultrasonic image during blood coagulation.
The figure indicates that the formation of a clot with the blood
becoming a solid gel results in the cessation of fluctuations in the
ultrasonic scattering after approximately 2200 seconds [22,73].
28 M.S. Salim et al.shape of the scatters, which increases echogenicity during
the clotting process [73,74]. Due to the turbulent motion of
the fluid caused by fibrinogen converting into fibrin fibers,
a fluctuation in backscattered signals during clotting isFig. 30 normalized broadband ultrasonic attenuation (nBUA) as
(B) 35%; (C) 45%; and (D) 55% hematocrit. The reaction time is ind
dramatically increased. The coagulation time was increased with tnoted (Figs. 29 and 30). Many erythrocytes are trapped in
the fibrin meshwork and the blood increases in viscosity,
tending to become a solid gel, then the ultrasound atten-
uation increases (Fig. 31). This increase in attenuation
could be due to an increase in viscosity and other frictional
factors that consume energy, which is lost as heat.
The sound velocity changed because of the formation of
fibrin fibers, which is inversely proportional to the square
root of compressibility; and the compressibility of blood
clots reduces due to the blood becoming stiffer [73].
Therefore, the increased sound velocity during clotting
might be attributable to the variation of blood clot
compressibility (Fig. 31). An analysis of the ultrasound
parameters of the blood clots method could achieve the
goals of real-time and continuous observation, since most
of the acoustic properties associated with changes in tissue
characteristics can be preserved without any loss of the
original physiologic information. Because detailed varia-
tions of clotting can be detected by continuously moni-
toring the acoustic parameters, measuring the quantitative
ultrasound parameters for assessing the blood coagulation
process is suitable for laboratory examinations. Even
though it is very difficult to obtain accurate values of these
parameters in vivo, the obtained data could still have
clinical relevance to human care because real-time ultra-
sound imaging has been shown to be a valuable tool for
diagnosing intracranial hemorrhage and thromboses [72].a function of time obtained from coagulating blood of (A) 25%;
icated as an arrow symbol, which is defined as the nBUA to be
he increase of hematocrit [74].
Fig. 31 Sound velocity as a function of time during blood
coagulation and clot formation. The measurements were per-
formed at 10 MHz ultrasound from porcine whole blood [73].
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The history of cMUTs is now approaching two decades.
From being an interesting and efficient air transducer, the
cMUT is now considered as a major platform technology to
realize many applications in industrial and medical diag-
nostic and therapeutic devices. In this paper, we described
the basic principles of operation of cMUTs together with
measurement results. We showed that we could predict
the behavior of cMUTs beforehand and design for specific
targets. This review paper also discusses recent fabrication
technology. Modeling capabilities have improved enor-
mously over the years and the potential of the technology
has attracted many researchers into the field. As discussed
above, cMUT technology offers many advantages over its
competitor, piezoelectric transducer technology, both in
air and immersion applications. The bandwidth in immer-
sion applications implies significant improvements in
medical imaging. cMUTs micromachining and integrated
circuit technology make cMUTs the prime choice of ultra-
sonic transducer technology for many applications because
of experience, scalability, batch production, electronic
integration opportunities, and low manufacturing cost.
The improvement of cMUTs technology based on increasing
output pressure capability and reducing parasitic capaci-
tance are two important issues. There is an expectation
that a new generation of cMUTs will reach working
frequencies of more than 20 MHz, providing improved image
resolution. Finally, in this paper we discuss the advantages
of polymer cMUTs, which can be made much more cheaply
and simply than conventional silicon-based cMUTs, which
require specialist silicon micromachining facilities.
Furthermore, the polymer cMUT devices are good candi-
dates for applications in Acoustic Emission (AE) and vibra-
tion monitoring.
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